Abstract: A stable beamforming-based RoF system with PolM-based dispersion compensation and optoelectronic-oscillator-based photonic microwave downconversion for the distribution of 1.5-Gbps 720P HD video in a 25-km wired and 1.6-m wireless link is proposed and experimentally demonstrated.
Introduction
The rapid penetration of smart mobile-connected devices coupled with the sharp rise in the data traffic of mobile video services leads to an unambiguous conclusion that a wireless system with high data rate and wide coverage will needed in the near future [1] . However, the wireless coverage is limited by the poor performance of the air link due to the high propagation loss, and the data rates of the current wireless systems are still less than 1 Gbps which is mainly restricted by the limited frequency spectral resource in the frequency bands of operation. To overcome the problems, an effective solution is to deploy a large number of antennas based on the wideband and low-loss radio over fiber technology [2] . To further improve the capacity and robust of the wireless networks, a smart antenna system based on beamforming network is required. By electrically or optically controlling the direction of the beam, the co-channel and inter-channel interference can be dramatically reduced. Although the transmission of the RF signal with tens-of-Gbps data in RoF systems has been demonstrated [3] , [4] , real-time application with high data rate, such as HD videos, has not been tested in the beamforming-based RoF system yet.
In this paper, a beamforming-based RoF system for the distribution of 1.5-Gbps 720P HD video in a 25-km wired and 1.6-m wireless link is proposed and demonstrated. In the center office (CO), a polarization modulator (PolM) and a polarization beam splitter (PBS) are applied to perform the electrical-to-optical conversion, which also mitigates the power fading caused by the fiber dispersion. Through the electrical phase-controlled antenna array, the signal is transmitted to the desired receiving antenna and the corresponding processing unit. In the processing unit, by employing an injection-locked optoelectronic oscillator (OEO), the RF carrier is extracted and the signal is downconverted to the baseband. The experimental results show that the transmission performance of the proposed RoF system is reliable. 
Experimental setup
Fig . 1 shows the schematic diagram of the proposed beamforming-based RoF system. A pseudo-random binary sequence (PRBS) signal generated by a pulse pattern generator (Picosecond Pattern Pro12070) is employed as the baseband signal. The PRBS signal is then upconverted to the 10-GHz band using an electrical mixer. The upconverted signal is further converted into an optical microwave signal by modulating a continuous wave (CW) lightwave at a PolM. The CW lightwave is generated by a tunable laser source (Agilent N7714A) and the PolM (Versawave Technologies Inc.) has a 3-dB bandwidth of 40 GHz and a half-wave voltage of 3.5 V. The optical microwave signal is sent to a polarization beam splitter (PBS) via a polarization controller (PC) to perform polarization-modulation-to-intensity-modulation conversion. After transmission in a length of 25-km single-mode fiber (SMF), the signal is amplified by an erbium-doped fiber amplifier (EDFA) and sent to a remote antenna unit (RAU). In the RAU, multiple antennas are used to steer the electrical beam. For simplicity, two antennas are applied in the proof-of-concept experiment. To do so, the optical microwave signal is split into two paths. In each path, the optical signal is converted back to an electrical signal at a photodector (PD) with a bandwidth of 18 GHz and then amplified by a low noise electrical amplifier (LNA) with a 40-dB gain in 8-18 GHz. The two RF signals from the two paths are emitted to the free space through two horn antennas. The antenna is operated in 8-12.5 GHz and the gain of the antenna is about 20 dBi. A phase shifter (PS) is inserted into each path to control the direction of the electrical beam. By properly setting the phase shift in each path, the electrical beam would point to the desired receiving antenna, for example the Rx1# in Fig. 1 . Then the RF signal will be collected by an antenna in Rx1#, amplified by a LNA and led to the processing unit 1#. The LNA has the same parameters as the one used in the transmitter. In processing unit 1#, the RF signal is firstly converted to the optical domain at a Mach-Zehnder modulator (MZM1). The MZM1 (Fujitsu Ltd.) has a 3-dB bandwidth of 40 GHz and a half-wave voltage of less than 3 V. The optical microwave signal is then sent to a second 40-GHz MZM (MZM2, Fujitsu Ltd.). One output of the MZM2 is fed back to its RF port via a 10-GHz PD (PD2), an electrical bandpass filter (EBPF) centered at 9.955 GHz, and an LNA with a gain of 40 dB in the frequency range of 4-20 GHz. An injection-locked OEO is thus formed, which simultaneously extracts the RF carrier and downconverts the optical microwave signal to the baseband. The downconverted signal is introduced to a 50-GHz PD3 followed by a 2.268-GHz lowpass filter (LPF).
The electrical spectra are measured by an electrical spectrum analyzer (ESA, Agilent E4447A) and the eye diagrams are measured by a sampling oscilloscope (Agilent 86100A). Fig. 2 shows the electrical spectra of the 10-GHz data signal after 25-km SMF transmission. Although the long SMF would introduce considerable chromatic dispersion, this kind of dispersion is effectively compensated by adjusting the polarization state of the PC [5] , as can be seen in Fig. 2 .
Results and discussions
By adjusting the PSs in the transmitter, the electrical beam is directed to the Rx 1#. The spectrum of the signal received by antenna is shown in Fig. 3 . Then the signal is sent to the OEO-based processing unit 1#. The OEO is operated at the inject-locked mode [6] . Fig. 4 shows the electrical spectrum of the extracted 9.955-GHz RF carrier. With the carrier extracted by the OEO, photonic microwave downconversion can be performed with the assistance of PD3 and the LPF. Fig. 5 shows the eye diagrams of the downconverted signals with different data rates ranging from 622 Mbps to 2.125 Gbps. As can be seen, the eye diagrams are all widely open, showing that error-free transmissions at different date rates were achieved. When the PRBS signal is replaced by a 1.5-Gbps 720P HD video signal, the real-time display of the video can be obtained in the remote site. Fig. 6 shows the spectra of the 1.5-Gb/s video signal at the transmitter and at the receiver. Similar spectral profiles are observed. Fig. 7(a) shows the photograph of experimental system when only the Rx 1# works. As can be seen, the received video is well synchronized to the source in the transmitter. To evaluate the beamforming of the system, without changing the locations of the antennas, the PSs are tuned to direct the electrical beam to Rx 2#. Displayer 2# starts working, as shown in Fig. 7(b) . The system is operated at laboratory environment for more than half an hour, and the display of the HD video is smoothly without any interruption, showing that the OEO can automatically track the phase of the received RF signal. 
Conclusions
A novel beamforming-based RoF system with PolM-based dispersion compensation was proposed and demonstrated. The RF carrier extraction and downconversion was performed by an OEO, which automatically tracked the phase of the received RF signal. A 1.5-Gb/s HD video was transmitted in 25-km wired and 1.6-m wireless link, and directed to the desired receiver by electrical beamforming. The system is dispersion-free and stable. 
